Abstract: We present the generation and nonlinear frequency conversion of nanosecond cylindrical vector beams (CVBs) in two-mode fiber (TMF). Based on the polarized dependence vector mode coupling characteristic and the precise wavelength tunability of an acoustically-induced fiber grating (AIFG), the nanosecond cylindrical vector beams (CVBs, 1064 nm, 10 ns) is directly generated in a TMF with convenient switching characteristics between the radial and azimuthal vector beams. Furthermore, the stimulated Raman scattering (SRS) is produced based on the transmission of the nanosecond CVBs in the 100-meters long TMF, and the spatial intensity and polarization distributions characteristics the 1 st -order Stokes shifted component is consistent with the nanosecond CVBs pump pulse. This work provides a method for achieving wavelength conversion of the CVBs in optical fiber.
Introduction
In recent years, the free space-based cylindrical vector beams (CVBs), as an important part of the light field regulation, have attracted extensive attention. Due to possessing polarization singularity distribution characteristic under condition of tight focusing, the CVBs have been extensively explored in many fields of the nonlinear effect enhancement [1] , tip-enhanced Raman spectroscopy (TERS) [2] [3] [4] , molecular orientation detection [5] , dark-state excitation [6] , micro/nano fabrication [7] , optical tweezers [8] , etc. In addition, it is noteworthy that the optical fiber-based CVBs would also open up various applications, such as optical fiber CVBs-based communication [9] , fiber CVBs-based sensing [10] , backgroundless plasmonic tip nanofocusing [11] , quantum entanglement [12] , stimulated emission depletion (STED) microscopy [13] , surface enhanced Raman spectroscopy (SERS) [14] , etc.
Up to now, the CVBs has been generated in optical fiber by using many methods, such as the mechanical micro-bend fiber grating [15] , long-period fiber grating fabricated using CO2 laser [16] , fiber fused coupler [17] , etc. However, those methods lack of precise wavelength tunability. In addition, the optical fiber is only used as a medium for conducting CVBs in these applications mentioned above. However, when the CVBs pulse transmits over long distances in an optical fiber, the nonlinear phenomena will appear due to the interaction between the CVBs pulse with extremely high peak power and the optical fiber [18, 19] , although the nonlinearity effect of the fiber core is very weak. For instance, the stimulated Raman scattering (SRS) spectra up to 4 th order Stokes shift component has been experimentally observed in a 100-meters long hollow-core ring fiber pumped by a nanosecond pulse with radial polarization distribution [18] , and the generated each order Stokes shift component also has radial polarization distribution characteristic. This nonlinear frequency conversion process can create coherent radial vector beam (RVB) within a span of hundreds of nanometers. Nevertheless, it does not show the nonlinear transmission characteristic of the nanosecond pulse with linear polarization and azimuthal polarization distributions, since it's difficult to in-situ switch linearly, radially and azimuthally polarized vector beams in optical fiber by using the mechanical micro-bend grating with fixed grating period.
In this paper, the nanosecond CVBs (1064 nm, 10 ns, 10 Hz) pulse is directly generated in a twomode fiber (TMF) based on an acoustically-induced fiber grating (AIFG), and the generated nanosecond CVBs pulse has convenient switching characteristics between the radial and azimuthal vector beams. Furthermore, based on the long-distance transmission of the nanosecond CVB pulse in TMF, the stimulated Raman scatting (SRS) spectrum is experimentally observed. The spatial intensity and polarization distributions of the 1 st -order Stokes shift component is consistent with the CVBs pumped pulse. The optical microscope image of the TMF with core radius of 4.5 μm is shown in Fig. 1(a1 [20, 21] , and the corresponding experimental configuration is shown in Fig. 1(b) . A supercontinuum (Yslphotonics SC-5) is adopted as the broadband light source (BLS) with polarization state to be adjusted via an optical fiber in-line polarization controller (PC). To further eliminate the effects of the unwanted high-order vector modes (TE01, HE e/o 21 , TM01) before the AIFG, a mode tripper (MS1) [22, 23] , which is made of 4 turns of TMF wound on a 10 mm diameter rod, is used to ensure a pure fundamental mode launching. The diameter of TMF for forming the AIFG is etched down to 28 μm by hydrofluoric (HF) acid to adjust the resonance wavelength based on the phase matching condition and to enhance the overlap between the acoustic and optical waves [24] , thus increasing the acousto-optic coupling efficiency of the AIFG within the 10 cm long etched segment.
Results and discussions
By tuning the voltage and frequency of the radio frequency (RF) driving signal applied to the acoustic transducer (AT), an AIFG is produced by the propagation of the linearly polarized acoustic flexural wave along the unjacketed TMF [25] . When the BLS transmits along the acousto-optic interaction region of the AIFG, the fundamental vector mode (HE x/y 11 ) can be coupled to the first-group of high-order vector modes (TE01, HE e/o 21 , TM01) with the phase-matching condition LB= to be satisfied, where LB=λ/Δneff is the beat length between HE x/y 11 modes and TE01, HE e/o 21 , TM01 modes, and  is the grating period of the AIFG [26, 27] . At the output terminal of the TMF, the other mode stripper (MS2), is also made with parameter same as MS1 to filter out the generated high-order vector modes, and leave only the fundamental vector mode in the core of TMF. The output spectra are measured by using an optical spectrum analyzer (OSA AQ6370D). Figures 1(c-e) are the wavelength tunability of the transmission spectra of the AIFG when three RF driving signals, with frequencies of 1.331 MHz, 1.346 MHz, and 1.360 MHz, are applied to the AT, respectively. Note that the resonance wavelength shifts toward short wavelength with increasing the frequency of the RF driving signal. It's noteworthy that the transmission spectrum of the AIFG has three separated resonance peaks with central wavelength interval of ~3.8 nm, which indicates that the high-order degenerate vector modes (TE01, HE e/o 21 and TM01) have been effectively separated in TMF [20] , and the three separated resonance peaks are corresponding to the coupling between the fundamental vector modes (HE x/y 11 ) and the highorder vector modes of TE01, HE e/o 21 , and TM01, respectively. The experimental configuration for generating the nanosecond CVBs in TMF based on the AIFG is shown in Fig. 2 . At the input terminal, the BLS is replaced by a 1064 nm Q-switched Nd: YAG laser (Dawa 100), with pulse width and repetition frequency of 10 ns and 10 Hz, respectively. The nanosecond pulse is linearly polarized by a linear polarizer (P), and then the polarization orientation is adjusted by a half-wave plate (HWP). An average power of 42 mW is measured for the nanosecond pulse before injecting into TMF via a micro-objective (MO1 40x, 0.65). The mode stripper (MS) is used to purify the laser beam to be the linearly-polarized fundamental vector mode, by filtering out the high-order vector modes through critical bending loss [22] . When the linearly-polarized fundamental mode (HE and HE y 11 modes can be respectively coupled to TM01 and TE01 modes with phase-matching condition to be satisfied [23] , simultaneously. The generated CVBs (TM01, TE01) transmits in TMF for a length of L=100 m, and then outputs from the end of TMF after collimating via a 40× micro-objective (MO2). The CVBs outputting from MO2 is reflected by a beam splitter (BS) and then captured by a charged coupled device (CCD). In addition, a polarizer (P) is inserted between BS and CCD to examine the polarization distribution characteristic of the CVBs by rotating P. Meanwhile, the transmitted CVBs via BS is coupled into a spectrometer (Andor SR-500i-B1-R-1F1) to examine the lasing spectrum of the nanosecond CVBs pulse. Figure 3(a) is the typical pulse train of the nanosecond Gaussian pulse with repetition frequency of 10 Hz, and the inset is the temporal width rising edge of ~10 ns. The corresponding lasing spectrum of the nanosecond Gaussian pulse, with central wavelength and bandwidth of 1064.2 nm and 4.7 nm, is shown as the black curve in Fig. 3(b) . The blue curve in Fig. 3(b) is the transmission spectrum of the AIFG with three separated resonance peaks, when an RF driving signal with frequency of f=1.346 MHz is applied to the AT. The three resonance peaks with central wavelength interval of ~3.8 nm is corresponding to the vector mode coupling of TE01, HE21, and TM01 as the resonance wavelength increases. Note that the bandwidth and central wavelength of the resonance peak of HE21 is coincided with the lasing spectrum of the nanosecond pulse. Thus, when the nanosecond pulse is coupled into TMF and propagates along the acousto-optic coupling region of the AIFG (Fig. 2) , the HE11 mode of the lasing spectrum could be almost completely converted to HE21 mode through AIFG. Similarly, the resonance wavelength of the AIFG can be adjusted to make the resonance peak corresponding to TM01 mode coincide with the lasing spectrum, as shown in Fig. 3(c) , when the frequency of RF driving signal is adjusted to 1.360 MHz. The HE x 11 mode can be coupled to TM01 mode with radial polarization distribution via the AIFG. Moreover, TE01 mode with azimuthal polarized distribution can also be generated, as shown in Fig. 3(d) , when the input fundament mode is changed as HE y 11 and the central wavelength and bandwidth of the resonance peak corresponding to TE01 mode is adjusted to coincide the lasing spectrum by using RF frequency of 1.331 MHz. When the RF driving signal is turned off, the transverse mode intensity pattern of HE x 11 mode output from TMF is shown in Fig. 4(a1) . In order to generate the nanosecond radial vector beam (TM01), the frequency of RF driving signal is set as 1.360 MHz to produce an AIFG with the resonance peak of TM01 coincided with the lasering spectrum, as shown in Fig. 3(c) . Thus, the HE x 11 mode is converted to TM01 mode via the AIFG, as shown in Fig. 4(a2) . is changed as HE y 11 via the HWP, and then the RF frequency is set as 1.331 MHz to produce an AIFG with the resonance peak of TE01 coincided with the lasering spectrum, as shown in Fig. 3(d) , the HE y 11 mode can be coupled to TE01 mode via the AIFG, as shown in Fig. 4(b2) . A polarizer (P) is inserted between the CCD and the BS to examine the polarization distribution characteristic of the nanosecond CVBs. The intensity patterns at various polarizations are shown in Figs. 4(a3-a6) and 4(b3-b6) , respectively. In addition, the lasing spectra of the nanosecond pulse with transverse mode intensity distributions of HE11, TM01, and TE01 are shown as the red, green and violet curves in Fig. 4(c) , respectively. Note that the spectral bandwidth and shape of the nanosecond pulse with three transverse mode intensity distribution remains essentially unchanged.
(c) Furthermore, the nonlinear transmission characteristic of the nanosecond pulse, with transverse modal intensity distributions of Gaussian (HE11), radial (TM01) and azimuthal (TE01), are experimentally observed in a 100-meters long TMF. With increase of the pump power of the nanosecond pulse with Gaussian distribution (HE11), the 1 st -order Stokes shift component appears and gradually increase, as shown in Fig. 5(a) , and the relationship between the pump power and the intensity of the 1 st -order Stokes shift component is also shown as the inset in Fig. 5(a) . Note that the central wavelength of the 1 st -order Stokes shift component is ~1116.8 nm with a frequency shift of ~13.2 THz (440 cm -1 ) relative to the central wavelength of the pump pulse, and it's corresponding to the peak of the broad Raman band of the fused silica (SiO2) [18] . In addition, the intensity of the 1 storder Stokes shift component reaches the maximum with an average pump power of P=1.05 mW, but the 1 st -order Stokes shift component is not saturated under condition of the average pump power of P=1.05 mW, because further increase of the pump power will damage the end face of TMF in the case of focusing via MO1. The SRS spectra of the 100-meters long TMF pumped by the nanosecond pulse with Gaussian and radial (TM01) polarization distributions, are shown as the pink and green curves in Fig. 5(b) , respectively, under condition of P=1.05 mW. Note that the intensity of the 1 st -order Stokes shift component pumped via the radial vector mode (TM01) decreases by five times compared with the Gaussian mode pump. The main reason is that the radial vector mode (TM01) with annular intensity distribution reduces the power density of the pump pulse. Figure 6 (a1) and 6(a2) are the transverse mode intensity distributions of the 1 st order stokes shift component pumped via the nanosecond pulse with radial (TM01) and azimuthal (TE01) polarization distribution, respectively. By inserting and rotating a polarizer between CCD and BS, the polarization distribution characteristic of Figs. 6(a1) and 6(a2) can be examined and the examination results are shown as Figs. 6(a2-a5) and 6(b2-b5), revealing the Figs. 6(a1) and 6(a2) with radial and azimuthal polarization distribution characteristics, respectively.
(b1) (b2) (b3) (b4) (b5) Figure 6 . (a1) and (b1) Modes intensity distributions of TM01 and TE01 modes of the 1 st -order Stokes shift component of SRS spectrum, respectively; Polarization distribution examinations of TM01 (a2-a5) and TE01 (b2-b5) modes in presence of polarizer (P) at different polarization orientations.
Conclusions
In summary, we have presented the generation and nonlinear frequency conversion of the nanosecond CVBs pulse (10 ns, 1064 nm) in a 100 meters-long TMF. Based on the polarized dependence vector mode coupling characteristic of the AIFG and the degenerate vector mode effective separation of TMF, the nanosecond CVBs pulse has been directly generated in TMF via AIFG. By using the long-distance transmission of the nanosecond CVBs pulse in TMF, the SRS spectrum is excited and the 1 st -order Stokes shift component has the same spatial intensity and polarization distributions as the CVBs pumped pulse. This work provides a method for achieving wavelength conversion of the CVBs in optical fiber. 
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